We report the development of a 10 GHz repetition rate all-fiber integrated femtosecond source tunable around 1.55 μm. A phase modulator and sharp spectral filter are used to convert the output of a tunable CW diode to a 10 GHz pulse train. These pulses are compressed using Raman soliton adiabatic compression in a 21 km long length of fiber to generate sub-300-fs duration pulses at a 10 GHz repetition rate. By tuning the wavelength of the diode and appropriate filtering, similar performance was achieved over a 20 nm bandwidth.
Previous publications have demonstrated gigahertz (GHz) repetition rate short pulse laser sources through Raman soliton adiabatic compression using a CW laser diode and an electroabsoprtion modulator (EAM) to generate a GHz repetition rate train of picosecond pulses that were subsequently compressed [1, 2] . EAMs, like most amplitude modulators, can require the DC bias to be adjusted during operation to compensate for changes in ambient conditions to ensure the correct modulation for pulse shaping. In this Letter, we demonstrate the generation of wavelength-and duration-tunable, high-quality, femtosecond scale pulses, with the CW-to-pulse-train conversion achieved, not through amplitude modulation but instead through spectral masking of a phasemodulated signal. This is generated by the direct modulation of a tunable CW laser diode using a lithium niobate phase modulator (LNPM); a device which, in comparison to an EAM, is inexpensive, widely available, and far more spectrally diverse. Also, as the signal is subject only to phase modulation, with pulse generation achieved through spectral filtering, there is no requirement for bias stabilization. This scheme generates picosecond pulses, which are then compressed through Raman soliton adiabatic compression, leading to the generation of sub-300-fs pulses at a 10 GHz repetition rate.
Full details of the CW-to-pulse-train conversion can be found in [3] , but the principle is illustrated graphically in Fig. 1 . A phase modulator is used to impose a sinusoidal instantaneous phase shift, ΔΦ. Because of the relationship Δω ∂Φ ∕ ∂t, this will impose a cosinusoidal variation in the instantaneous optical frequency, ω, of the signal. A sharp-edged bandpass filter (BPF) [the absorption of which is represented by the hatched area on in Fig. 1(b) ] is used to select only the regions of extreme frequency deviation, resulting in a train of short pulses at the repetition rate corresponding to that of the initial sinusoidal phase modulation. As only the extreme edges of the sinusoid are being selected, there is minimal optical frequency deviation, and so the chirp on the generated pulses will be low. In contrast to amplitude modulation, the phase modulation, and therefore frequency deviation, is not subject to DC bias drift, with the depth of the amplitude modulation set by the difference between the filter edge and the edge of the frequency modulation. The technique is conceptually similar to that of pulse narrowing through spectral selection of a phase-modulated pulse, where the modulation is achieved through self-phase modulation [4] or through cross-phase modulation applied to a CW signal by a copropagating pulsed laser source [5] . Fig. 1 . Illustration of the principle behind CW-to-pulse-train conversion though spectral masking of a phase-modulated signal. (a) Phase modulation of a CW signal will lead to (b) an instantaneous optical frequency shift, which, if subject to spectral masking [shading on (b)] will lead to the generation of (c) short pulses corresponding to the extrema of the frequency shift.
These pulses are launched into a Raman soliton adiabatic compressor amplifier to achieve a 10 GHz train of 290 fs pulses. The setup used is shown in Fig. 2 . The output of a tunable wavelength CW diode is modulated using a lithium niobate phase modulator. The LNPM is driven with 27 dBm RF power at a frequency of 10 GHz. This is amplified using an erbium-doped fiber amplifier (EDFA) before being filtered using a fiber-connectorized tunable BPF based on a diffraction grating and adjustable retroreflector. The filter had a bandwidth of 0.6 nm and suppression of over 40 dB and was tunable over the range of the CW laser. Figure 3 (a) shows the output of the LNPM before and after the bandpass filter. We see that the phase modulator has generated a comb of spectral lines, spaced at 10 GHz, from which the short wavelength part is selected. The output from the LNPM was autocorrelated, showing that pulses of duration ∼30 ps had been generated.
These pulses were compressed to under 300 fs using a Raman adiabatic compression scheme, labeled (b) in Fig. 2 . Raman soliton adiabatic compression takes advantage of the robustness of fundamental solitons against slow changes in the pulse properties relative to the characteristic soliton length.
where E is the pulse energy, β 2 is the group velocity dispersion coefficient, and γ is the nonlinear parameter. If the soliton is subject to changes in any of these parameters, the soliton will adjust in duration to match the soliton condition "adiabatically," without breaking down or the shedding of copropagating dispersive radiation, as long as the change is slow compared to the characteristic soliton length, z s defined as
This slow change can be achieved by altering the fiber parameters that the soliton is subject to, for example by tapering a fiber to cause the dispersion to decrease and nonlinearity to increase along its length [6] [7] [8] [9] . It is also possible to achieve pulse compression by subjecting the pulse to slow amplification, thereby increasing the pulse energy, E, while keeping β 2 and γ constant [1, 2, 10, 11] .
In our case, the pulses are subjected to slow Raman amplification in a 21 km length of dispersion shifted fiber (DSF) with a zero dispersion wavelength of 1464 nm. This was counterpumped using a Raman fiber laser (RFL) operating at 1455 nm with up to 5 W output power. This enables an exponential distribution of pump power along the length of the DSF, similarly distributing the Raman gain per unit length along the fiber. As the soliton propagates along the amplifier, it will be subject to increasing Raman gain per unit length, but as the pulse energy increases, the soliton length will decrease, ensuring that the Raman gain per soliton length remains low, preventing the shedding of dispersive radiation.
Pump radiation is coupled into the Raman fiber with a fused fiber coupler WDM, with an optical circulator used to extract residual Raman pump radiation and couple in the signal. Before insertion into the Raman amplifier, the signal is amplified in an EDFA to ensure the launched pulses match the soliton condition of the fiber. This is achieved empirically by adjusting the launch power and observing the autocorrelation of the output, maximizing the pulse-to-pedestal ratio, as this will be achieved for an input that most closely matches the soliton Fig. 2 . System schematic. TLD, tunable laser diode; PC, polarization controller; LNPM, lithium niobate phase modulator; EDFA, erbium-doped fiber amplifier; BPF, bandpass filter; OC, optical circulator; DSF, dispersion shifted fiber; WDM, wavelength division multiplexer; RFL, Raman fiber laser. condition, as an unmatched input will result in the shedding of dispersive radiation that will evidence itself as a pedestal on the autocorrelation. A BPF of bandwidth of 2 nm is also used to suppress amplified stimulated emission introduced by the second EDFA before launching into the amplifier.
Intensity autocorrelations of the amplifier output were taken with increasing pump power. Figure 4 shows the recorded FWHM pulse durations and output power against pump power. With increasing Raman pump power, we see a decrease in output pulse duration down to 255 fs and a maximum average output power of 1.6 W for a pump power of 5 W. It was found, however, that, for pump powers above 2 W, the output optical spectrum broadened significantly to longer wavelengths without reduction in the output pulse duration, suggesting continuum formation through Raman self-frequency shift. This was observed in a corresponding broadening of the output spectrum, as shown in the gray curve in Fig. 3(b) , where a flattened redshifted spectral component is evident. To preserve pulse quality, the pump power was restricted to 2 W, corresponding to an output power of 0.8 W and output pulse duration of 290 fs. The optical spectrum at this pump power is shown in Fig. 3(b) . Figure 5 shows the intensity autocorrelation for the output at this pump power, and it is evident that the pulse fits well to a sech 2 pulse shape, consistent with fundamental soliton propagation. There is a slight pedestal visible beneath the pulse, 5.4% of the peak power. This is associated with slight amounts of copropagating dispersive radiation due to the fact that the input pulse will not have a perfect sech 2 shape and so will not precisely match the soliton condition. Also, overpumping the amplifier will result in nonadiabatic amplification of the solitons and the shedding of further dispersive radiation; this was observed by an increase of the pedestal-to-pulse ratio from its minimum for pump powers of 2 W up to 9.7% for the maximum pumping power of 5 W.
As the system is based on a tunable laser diode and tunable bandpass filters, the pulse center wavelength can be set across a 20 nm range, achieving similar performance. The output autocorrelations for various wavelengths are also shown in Fig. 5 , with minimum pulse duration of 265 fs for a wavelength of 1549 nm.
In conclusion, we have demonstrated for the first time to our knowledge that it is possible to generate a GHz repetition rate train of femtosecond pulses through Raman amplification of a spectrally masked phasemodulated diode. By adjusting the wavelength of the CW laser diode and filters, the operating wavelength can be tuned over 20 nm with output pulse durations tunable to as low as 265 fs through adjustment of the Raman pump power.
